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Abstract
We discuss the possible existence of exotic dibaryons with a heavy anti-
quark, being realized as three-body systems, D¯(∗)NN and B(∗)NN . These
are genuinely exotic states with no quark-antiquark annihilation. We con-
sider the heavy quark spin and chiral symmetries, and introduce the one
pion exchange potential between a D¯(∗) (B(∗)) meson and a nucleon N . As
for the NN interaction, we employ the Argonne v′8 potential. By solving
the coupled-channel equations for PNN and P ∗NN (P (∗) = D¯(∗) and B(∗)),
we find bound states for (I, JP ) = (1/2, 0−) as well as resonant states for
(I, JP ) = (1/2, 1−) both in D¯(∗)NN and B(∗)NN systems. We also discuss
the heavy quark limit, and find that the spin degeneracy is realized in the
bound states with (I, JP ) = (1/2, 0−) and (1/2, 1−).
Keywords: Mesic nuclei, Heavy mesons, Heavy quark symmetry, One pion
exchange potential
1. Introduction
Many exotic hadrons observed in experiments are considered to be loosely
bound states of two hadrons, called hadronic molecules or hadronic compos-
ites [1]. The study of such configurations is important to establish interac-
tions among hadrons as inputs of various hadronic phenomena, such as for-
mation of bound/resonant states and decay processes in hadronic molecules.
✩Report No.: KEK-TH-1676, J-PARC-TH-29
Email address: yamaguti@rcnp.osaka-u.ac.jp (Yasuhiro Yamaguchi)
Preprint submitted to Elsevier June 11, 2018
Moreover, the hadron interactions provide us with useful information to study
fundamental problems of QCD such as color confinement, chiral symmetry
breaking and so on.
The hadron-nucleon interaction is the basic quantity, not only for hadronic
molecules, but also for exotic nuclei. In fact, the hyperon-nucleon interaction
determines the properties of a variety of hypernuclei [2–4]. Furthermore it is
suggested by theoretical studies [5–8] that the attraction between a K¯ me-
son and a nucleon would lead to the formation of K¯-mesic nuclei, which are
also researched in experiments [9, 10]. In the heavy quark sector, there have
been, not only analogous discussions, but also new approaches which are not
accessible in light flavor sectors. There the heavy quark symmetry [11–13]
becomes important. Under this symmetry, an interesting observation was
made, namely there is a sufficiently strong attraction due to the tensor force
of the one pion exchange at long distances between a D¯(∗) (B(∗)) meson and
a nucleon N leading to the D¯(∗)N (B(∗)N) molecules around the thresh-
olds [14–18]. Here, we note that D¯(∗) stands for D¯ or D¯∗. A unique feature
of such molecules is the exotic flavor structure of the minimum quark con-
tent Q¯qqqq, where Q¯ is a heavy antiquark and q’s are light quarks. Hence,
the D¯(∗)N (B(∗)N) molecules are genuinely exotic baryons, having no lower
hadronic channels coupled by a strong decay.
In literatures, however, there are other theoretical studies suggesting that
repulsions at short distances and weaker pion coupling may change the inter-
action less attractive or even repulsive, which makes no bound state [19–22].
Our strategy here is to determine the long range part of the interaction,
namely the one pion exchange potential with the strong tensor force, with
respecting the heavy quark symmetry.
The possible attraction between a D¯(∗) (B(∗)) meson and a nucleon moti-
vates us to explore the few-body problems in exotic nuclei with heavy quarks,
because it is naturally expected that the binding energy becomes larger as
the baryon number increases. In the light flavor sector, it has been studied
that the hadron-nucleon interaction gives us rich phenomena in few-body
systems such as the impurity effects, e.g. shrinking of the wave functions
due to glue-like effects in hypernuclei [2] and possible high density states in
K¯-mesic nuclei [6], which have never been realized in normal nuclei. In the
heavy flavor sector, however, few-body systems of D¯(∗) (B(∗)) nuclei with
a few baryon numbers have not been investigated so far in the literature,
though there have been several works for D¯(∗) (B(∗)) mesons in nuclear mat-
ter with infinite volume [23–34] (see Ref. [33] for a summary of recent results)
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and in atomic nuclei such as 12C, 40Ca and 208Pb with larger baryon numbers
[23, 32, 33]. The few-body systems would be more likely to be produced in
experiments in hadron colliders rather than the nuclei with middle and large
baryon numbers.
In this paper, we study the mass spectrum of D¯(∗)NN and B(∗)NN bound
and/or resonant states of dibaryons (baryon number two) with a heavy anti-
quark for the first time. We emphasize that D¯(∗)NN and B(∗)NN are unique
as few-body systems, because the counterparts of KNN in the strangeness
sector do not exist due to the repulsive interaction between a K meson and a
nucleon. Moreover, we can reveal the role of the heavy quark spin symmetry,
as a fundamental symmetry of QCD, in multi-hadron systems with a heavy
quark, which does not appear in light flavor systems.
This paper is organized as follows. In the next section, we briefly summa-
rize the interaction of D¯(∗)N (B(∗)N) and NN , where we emphasize the role
of the one pion exchange potential which has been investigated in Refs. [14–
16]. In Sec. 3, we show the method to solve the D¯(∗)NN (B(∗)NN) systems
with appropriate three-body wave functions. In Sec. 4, the numerical results
are shown, where we study bound and resonant states both for D¯(∗)NN and
B(∗)NN with quantum numbers JP = 0− and 1−, and I = 1/2. We also
discuss the spin degeneracy of the three-body systems in the heavy quark
mass limit. In the last section, we summarize the present work.
2. Interactions
Let us start with the discussions of the basic interaction for the P (∗)N
(P (∗) = D¯(∗) and B(∗)). As we have emphasized in Refs. [14–16] for the
system with a heavy meson with a heavy antiquark, the one pion exchange
potential (OPEP) is the basic ingredient to provide a strong attraction. The
existence of the OPEP is a robust consequence of chiral symmetry in the
presence of a light quark in the P (∗) meson, while its importance in the
P (∗)N interaction is supported by the heavy quark symmetry of QCD [11–
13]. The relevance of the heavy quark symmetry is in the spin degeneracy
of P and P ∗ mesons. It is related to the mass degeneracy between P and
P ∗ as experimental data shows the small mass differences, mD¯∗ −mD¯ ∼ 140
MeV and mB∗ − mB ∼ 45 MeV. Thanks to these small mass splittings, P
and P ∗ mesons mix dynamically through the couplings of PN − P ∗N and
P ∗N − P ∗N caused by the OPEP. We note that the OPEP does not exist
in PN − PN only, because the PPπ vertex cannot exist from the parity
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conservation. The interaction for PN − PN is effectively supplied from the
mixing processes like PN → P ∗N → PN . Thus, the OPEP together with
the heavy quark spin symmetry provides a unique dynamics in the systems
of a heavy meson.
The OPEP between a P (∗) meson and a nucleon N can be described from
the heavy meson effective theory [14–16]. The OPEPs for PN − P ∗N and
P ∗N − P ∗N are given by
VPN−P ∗N(r) = − gπgπNN√
2mNfπ
1
3
[
~ε † · ~σC(r) + SεT (r)
]
~τP ·~τN , (1)
VP ∗N−P ∗N(r) =
gπgπNN√
2mNfπ
1
3
[
~S · ~σC(r) + SST (r)
]
~τP ·~τN , (2)
as a sum of the central and tensor forces, C(r) and T (r), where mN = 940
MeV and fπ = 132 MeV are the mass of the nucleon and the pion decay
constant, respectively. In Eqs. (1) and (2), ~ε (~ε †) is the polarization vector
of the incoming (outgoing) P ∗, ~S is the spin-one operator of P ∗, and Sε (SS)
is the tensor operator SO(rˆ) = 3( ~O · rˆ)(~σ · rˆ) − ~O · ~σ with rˆ = ~r/r and
r = |~r | for ~O = ~ε (~S ), where ~r is the relative position vector between P (∗)
and N . ~σ are Pauli matrices acting on nucleon spin. ~τP (~τN) are isospin
operators for P (∗) (N). The coupling constant for P (∗)P ∗π vertex is given by
gπ = 0.59 which is determined by the experimental value of the decay width
of D∗ → Dπ [14–16]. Here we use gπ with the same value for Eqs. (1) and (2)
from the heavy quark spin symmetry. The coupling constant g2πNN/4π = 13.6
for NNπ vertex is given in Ref. [35]. The functions C(r) and T (r) are
C(r) =
∫
d3~q
(2π)3
m2π
~q 2 +m2π
ei~q·~rF (~q ) , (3)
SO(rˆ)T (r) =
∫
d3~q
(2π)3
−~q 2
~q 2 +m2π
SO(qˆ)e
i~q·~rF (~q ), (4)
with qˆ = ~q/|~q |, where the dipole-type form factor F (~q ) = (Λ2P −m2π)(Λ2N −
m2π)/(Λ
2
P + |~q |2)(Λ2N + |~q |2) with cutoff parameters ΛP and ΛN is introduced
for spatially extended hadrons. From a quark model estimation, we use
ΛD = 1.35ΛN for D¯
(∗) meson, ΛB = 1.29ΛN for B
(∗) meson, and ΛPQ =
1.12ΛN for a P
(∗)
Q meson defined as a meson (Q¯q)spin 0(1) having an infinitely
heavy quark mass, as discussed in Refs. [14–16]. The cutoff ΛN = 830 MeV
is determined to reproduce the binding energy of the deuteron, 2.22 MeV,
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when only the OPEP is used as the NN potential. As we discussed in
Ref. [15] and further verified, the resulting OPEP provides a reasonable one-
parameter approximation to the low energy properties of the NN system in
the 3S1 −3 D1 channel, including the deuteron, as summarized in Table 1.
Table 1: Low energy properties of theNN system, the binding energyEB, relative distance
of proton and neutron1 〈r2〉1/2 and quadrupole moment Qd of the deuteron, and NN
scattering length a and effective range re. The predictions obtained by the OPEP [15] and
AV8′, and experimental values (Exp.) summarized in Ref. [36] are compared.
EB [MeV] 〈r2〉1/2 [fm] Qd [fm] a [fm] re [fm]
OPEP 2.22 3.7 0.24 5.27 1.50
AV8′ 2.23 3.9 0.27 5.39 1.75
Exp. 2.22 3.9 0.29 5.42 1.76
We note that, although the OPEP has been known to play an essential
role in the nucleon-nucleon interaction, attention has not been paid in the
meson-nucleon interaction. In fact, the mixing effect is much suppressed
in the light meson sector like (π, ρ) and (K,K∗), where the mass splittings
are much larger than in the heavy meson sector, mρ −mπ ∼ 600 MeV and
mK∗ − mK ∼ 400 MeV, and therefore the OPEP plays only a minor role.
We expect that the nuclear systems containing P (∗) mesons, in accordance
with the heavy quark spin symmetry, revive the importance of the role of the
OPEP in the hadron-nuclear systems.
In the present work, we employ the OPEP for the interaction of P (∗)N ,
while we could have a short-range interaction as provided by the ρ and ω
meson exchanges, or even by the quark exchange model [18–22, 37, 38]. Al-
though these interactions are less determined than the OPEP, it turns out
that they are almost irrelevant for P (∗)N and P (∗)NN systems. In fact, we
have numerically verified in the previous study that the two-body matrix ele-
ments of the OPEP are much larger than those of the short-range interaction
of ρ and ω exchanges; the latter are typically less than ten percent [15] of
the former, an analogous situation in the deuteron. This argument justifies
1In Ref. [15], the quantity 〈r2〉1/2 should have been called a relative distance as we do
in this article, rather than the radius of the deuteron. Besides this misleadingness, actual
calculations were done properly.
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the use of the OPEP for the P (∗)N .
For the nucleon-nucleon interaction, though the OPEP is reasonably good
for the description of low energy properties, we employ a more realistic po-
tential of Argonne v′8 (AV8
′) [39]. It is written as
v′8(r) =
8∑
p=1
vp(r)Op , (5)
formed by a sum of 8 operators Op=1,··· ,8; the central operators [1, (~σ1 ·~σ2)]⊗
[1, (~τ1 · ~τ2)], the tensor operators S12 ⊗ [1, (~τ1 · ~τ2)], and the LS operators
(~L · ~S) ⊗ [1, (~τ1 · ~τ2)]. The function vp(r) is given in Ref. [39]. The AV8′
potential is simpler than the more elaborated one of the Argonne v18 (AV18)
potential [36], which is the reason that we employ the former in the present
study. The AV8′ is realistic because it reproduces NN phase shifts and
deuteron properties. When applied to three or more nucleon systems, how-
ever, the AV8′ provides slightly more attraction than the AV18 potential. In
the D¯(∗)NN systems, however, there are only two nucleons with the bind-
ing energy similar to that of the deuteron, and therefore, the AV8′ gives
essentially the same results as the AV18.
3. Three-body wave functions
The total Hamiltonian is given by
H = T + VP (∗)N + VNN , (6)
where T is the kinetic term, and VP (∗)N (VNN) is the interaction potential
between a P (∗) meson and a nucleon (between two nucleons) as introduced
above. We note that the heavy quark spin symmetry is respected in the
VP (∗)N potential. The small violation of the heavy quark spin symmetry is
taken into account in the mass splitting between P and P ∗. We investigate
D¯(∗)NN and B(∗)NN with JP = 0− and 1− and I = 1/2 (total angular
momentum J , parity P and total isospin I). We also consider P
(∗)
Q NN in
the heavy quark limit.
In order to express the three-body wave functions, we employ the Gaus-
sian expansion method [40] which is one of the powerful methods to solve
few-body calculations and has been utilized to investigate bound and scatter-
ing states of such systems in hadron and nuclear physics. In the study, we do
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not solve the Faddeev equation which gives accurate solutions for the three-
body systems. However, it has been discussed that the Gaussian method
works well and that their results are equivalent to those by the Faddeev
method, when the good convergence of the eigenenergy is obtained [40].
The three-body wave function is described as a sum of the rearrange
channel amplitudes (c = 1, 2) as functions of the Jacobi coordinates shown
in Fig. 1:
ΨJM =
2∑
c=1
∑
nl1,Nl2,L
∑
s12S,I12
C
(c)
nl1,Nl2,L,s12S,I12I
A
{[[
φ
(c)
nl1m1
(~rc)ψ
(c)
Nl2m2
(~Rc)
]
L
× [[χs1χs2 ]s12 χs3]S
]
JM
[
[ηI1ηI2]I12 ηI3
]
I
}
. (7)
A is the anti-symmetrization operator for exchange between two nucleons.
l1 and l2 stand for the relative orbital angular momenta associated with the
coordinates ~rc and ~Rc, respectively. L is the total orbital angular momentum
of the three-body system. χsi (ηIi) with i = 1, 2, 3 is the spin (isospin)
function of the particle with the spin si (isospin Ii). s12 (I12) is the spin
(isospin) of two particles combined by the relative coordinate ~rc, and S is the
total spin of the three-body system. The functions φnl1m1(~r ) and ψNl2m2(~R )
are expressed in terms of the Gaussian functions [40] as
φnl1m1(~r ) =
√
2
Γ(l1 + 3/2)b3n
(
r
bn
)l1
exp
(
− r
2
2b2n
)
Yl1m1(rˆ) , (8)
ψNl2m2(
~R ) =
√
2
Γ(l2 + 3/2)B3N
(
R
BN
)l2
exp
(
− R
2
2B2N
)
Yl2m2(Rˆ) . (9)
The Gaussian ranges bn and BN are given by the form of geometric series as
bn = b1a
n−1 , BN = B1A
N−1 . (10)
For the sum of Eq. (7), we include all possible coupled channels to obtain
solutions with sufficiently good accuracy. For instance, we include orbital
angular momentum of l1, l2 ≤ 2. Furthermore, we consider two independent
isospin states to form the total isospin I = 1/2. For instance, we include the
NN subsystems of I = 0 and 1 which are combined with the D¯(∗) meson of
I = 1/2 for the total I = 1/2.
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Figure 1: Jacobi coordinates of the P (∗)NN systems.
By diagonalizing the total Hamiltonian using the three-body bases intro-
duced above, we obtain eigenenergies and coefficient C
(c)
nl1,Nl2,L,s12S,I12I
. We
also calculate the poles for resonances as complex eigenvalues by using the
complex scaling method [41–44].
4. Numerical Results
Let us present the results of D¯(∗)NN and B(∗)NN for JP = 0−. We
obtain bound states both of D¯(∗)NN and B(∗)NN with energy levels shown
in Fig. 2. The bound state of D¯(∗)NN , whose binding energy is −5.2 MeV,
locates below the threshold of D¯N(1/2−)+N . Here D¯N(1/2−) is the bound
state of D¯(∗) and N with binding energy −1.6 MeV for JP = 1/2− and I = 0
as discussed in Refs. [14, 15]. Therefore, the three-body state of D¯(∗)NN
is more bound than the two-body state of D¯(∗)N , as naturally expected.
We also find the B(∗)NN state with the binding energy −26.2 MeV. The
B(∗)NN state is more bound than the D¯(∗)NN state, because the mixing
effect between PNN and P ∗NN is enhanced, when P and P ∗ mesons become
more degenerate.
Let us investigate how the bound states are formed. For this purpose,
we analyze various components of interaction matrix elements. In Table 2,
we summarize the expectation values of the potentials, VPN−P ∗N , VP ∗N−P ∗N
and VNN , sandwiched by the obtained wave functions. In D¯
(∗)NN , we find
that the tensor force of VD¯N−D¯∗N mixing D¯NN and D¯
∗NN is the dominant
contribution. In contrast, VD¯∗N−D¯∗N is very small. Thus, the tensor force of
VD¯N−D¯∗N is a driving force giving bound states in D¯
(∗)NN . We note that
the strong tensor force also provides a dominant attraction in the two-body
D¯(∗)N systems [14, 15]. The same result is also applied to B(∗)NN .
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Figure 2: Energy levels of D¯(∗)NN , B(∗)NN and P
(∗)
Q NN with I = 1/2 and J
P = 0−
and 1− (solid lines). The complex energies for resonances are given as Ere − iΓ/2, where
Ere is a resonance energy and Γ/2 is a half decay width. Thresholds (subthresholds) are
denoted by dashed (dashed-dotted) lines.
For VNN , one may expect that the tensor force causing the
3S1 −3D1
mixing could be the most dominant one, because it is a driving force giving
a deuteron d. However, the tensor force in VNN is almost irrelevant in the
present systems. In fact, it is shown in Table 2 that the tensor force is
suppressed, while the central force is rather dominant. This is reasonable
because d does not exist in the main component of D¯NN due to limited
combinations of quantum numbers. It may exist in the D¯∗NN component,
but the amplitude of the D¯∗NN is small due to the excess of mass of about
140 MeV (∼ mD¯∗ − mD¯). Thus, the NN interaction provides only a weak
attraction. Therefore, the tensor force mixing D¯N and D¯∗N gives the most
dominant term of attraction in the D¯(∗)NN state. The same behavior is also
found in the B(∗)NN state as shown in Table 2.
The quantum number 0− of the D¯(∗)NN state may be investigated in
experiments through two particle correlations. The D¯(∗)NN state can decay
into K + π (orππ) +N +N by the weak decay of a D¯ meson. The absence
of d in the final NN state will be an important signal suggesting 0−. In
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Table 2: Expectation values of central, tensor and LS forces of the D¯(∗)N (B(∗)N) and
NN potentials in the bound state of D¯(∗)NN (B(∗)NN). All values are in units of MeV.
D¯(∗)NN 〈VD¯N−D¯∗N〉 〈VD¯∗N−D¯∗N〉 〈VNN〉
Central −2.3 −0.1 −9.5
Tensor −47.1 0.7 −0.2
LS — — −0.03
B(∗)NN 〈VBN−B∗N 〉 〈VB∗N−B∗N〉 〈VNN〉
Central −6.5 0.3 −11.6
Tensor −92.0 −2.7 −1.0
LS — — −0.1
contrast, if d might be observed, the quantum number would be 1−. It will
be also the case for B(∗)NN .
In scattering states, we find resonances for JP = 1− and I = 1/2 as shown
in Fig. 2. The resonance energy for D¯(∗)NN is 111.2 MeV measured from the
threshold of D¯NN . The decay width is 18.6 MeV. We note that there are
open channels of the D¯NN and D¯+ d scattering states below the resonance,
and of the D¯∗+ d and D¯N(3/2−)+N scattering states above the resonance.
Here D¯N(3/2−) is a Feshbach resonance of D¯(∗) and N with JP = 3/2− and
I = 0, which was found in Ref. [15]. Those scattering states are included
in the present calculation. We obtain a resonance also for B(∗)NN with
much smaller resonance energy and decay width, 6.8 MeV and 0.4 MeV,
respectively. The mechanism of formation of the resonances is interesting.
When we ignore the D¯NN channel and consider only the D¯∗NN channel, we
obtain a bound state of D¯∗NN . Hence, the D¯∗NN channel predominates.
Therefore, the obtained resonance is a Feshbach resonance for the three-body
system, as in the case of the two-body D¯N(3/2−) system [15]. These features
also hold for B(∗)NN .
From the above analysis, we see that the many features of the two-body
P (∗)N system survive in the three-body P (∗)NN system, because the P (∗)N
interaction is the dominant force which determines the main properties of
the system rather than the NN interaction.
Finally, we consider P
(∗)
Q NN systems in the heavy quark limit, where PQ
and P ∗Q are exactly degenerate in mass. Interestingly, we find the bound
states both for JP = 0− and 1− with the same binging energy −38.5 MeV
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measured from P
(∗)
Q NN threshold. Those numerical results indicate that
they are degenerate. Comparing three cases of c¯, b¯ and Q¯ with mQ →∞, we
see that the mass splitting between the three-body systems with JP = 0−
and 1− decreases as the mass of the heavy quark increases, and finally those
two states become degenerate in the heavy quark limit, as shown in Fig. 2.
The degeneracy in P
(∗)
Q NN systems is not accidental. Generally, the spin
degeneracy is a feature in the heavy quark limit, not only for a single hadron,
but also for multi-hadrons, when a single heavy quark is contained. In QCD,
the spin-dependent interaction of the heavy quark is suppressed by the inverse
of the heavy quark mass. Thus, there should exist spin doublets (singlets)
forming (non-)degenerate states with j 6= 0 (j = 0) in the heavy quark limit.
Here j is the quantum number of the contained light components (the brown
muck [13] or the spin-complex [45]). The spin degeneracy is shown, not only
from the heavy quark effective theory [46, 47], but also from the heavy hadron
effective theory [45]. In the present discussion from the heavy meson effective
theory (Eqs. (1) and (2)), we have confirmed that the ground state of three-
body P
(∗)
Q NN systems exhibits the spin doublet having 0
− and 1−. Both of
them contain a common light component with total angular momentum and
parity jP = 1/2+ and isospin I = 1/2.
5. Summary
In this paper, we have explored the possible existence of genuinely exotic
dibaryons, D¯(∗)NN and B(∗)NN for charm and bottom sectors, and P
(∗)
Q NN
in the heavy quark limit. The OPEP introduced by chiral symmetry and the
heavy quark spin symmetry was employed between a heavy meson and a
nucleon. As for the NN interaction, we employed the Argonne v′8 potential.
By solving the coupled-channel equations for PNN and P ∗NN , we have ob-
tained bound states with JP = 0− and Feshbach resonances with JP = 1−
for I = 1/2 both in D¯(∗)NN and B(∗)NN . The tensor force of the OPEP
mixing PN and P ∗N plays an important role to produce a strong attraction.
For the P
(∗)
Q NN systems in the heavy quark limit, we have obtained bound
states of both JP = 0− and 1−, which are the spin degenerate states con-
taining the brown muck or the spin-complex with jP = 1/2+ and I = 1/2.
This is the first study to show the degeneracy in the few-body system with
a heavy antiquark. Hence the bound states with JP = 0− and the resonance
with JP = 1− in the actual charm and bottom sectors have the common
origin of the spin doublet from the heavy quark limit.
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The D¯(∗)NN andB(∗)NN states can be searched in experiments in hadron
colliders. The productions of the exotic hadrons will be studied in relativistic
heavy ion collisions in RHIC and LHC [48]. Furthermore, the search for the
D¯(∗)NN would be also carried out in J-PARC and GSI-FAIR.
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